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Abstract 
The complexity associated with droplets spreading on surfaces has attracted significant interest 
for several decades. Sustained activity results from the many natural and manufactured systems 
that are reliant on droplet-substrate interactions and spreading. Interfacial shear rheology and 
its influence on the dynamics of droplet spreading has to date received little attention. In the 
current study, saponin ȕ-aescin was used as an interfacial shear rheology modifier, partitioning 
at the air-ZDWHULQWHUIDFHWRIRUPDVWURQJO\HODVWLFLQWHUIDFH*¶*´aZLWKLQPLQDging.  
The droplet spreading dynamics of Newtonian (water, 5 wt% ethanol, 0.0015 wt% N-dodecyl 
ȕ-D-glucopyranoside) and non-Newtonian (xanthan gum) fluids were shown to proceed with a 
time-dependent power-law dependence of ~ 0.50 and ~ 0.10 7DQQHU¶VODZ in the inertial and 
viscous regimes of spreading, respectively. However, water droplets stabilized by saponin ȕ-
aescin were shown to accelerate droplet spreading in the inertial regime with a depreciating 
time-dependent power-law of 1.05 and 0.61, eventually exhibiting a power-law dependence of 
~ 0.10 in the viscous regime of spreading. The accelerated rate of spreading is attributed to the 
potential energy as the interfacial film yields as well as relaxation of the crumpled interfacial 
film during spreading. Even though the strongly elastic film ruptures to promote droplet 
spreading, interfacial elasticity is retained enhancing the dampening of droplet oscillations 
following detachment from the dispensing capillary.      
Introduction 
Spreading droplets are important in many industries including paints, coatings, agrochemicals 
and lubrication to name just a few.1 The energy associated with a droplet spreading on a solid 
in air is given by, െ ௗீௗ஺ ൌ ߛௌȀீ െ ሺߛௌȀ௅ ൅  ߛ௅Ȁீሻ, where (Ȗxy) is the interfacial tension between 
three phases, S = solid, L = liquid and G = gas.  When combined with the well-NQRZQ<RXQJ¶V
equation ( Ʌ ൌ  ஓ౏Ȁృିஓ౏ȀైஓైȀృ ), the energy associated with droplet spreading yields 
െ ௗீௗ஺ ൌ ߛ௅Ȁீሺܿ݋ݏߠ െ  ?ሻ ൒  ?Ǥ    (1)      
Droplet spreading in air has been extensively studied2 and several models including Tanner 
(Eq. 2)3, Seaver and Berg4, and de Gennes5 have been proposed to describe the droplet 
sSUHDGLQJG\QDPLFV7DQQHU¶VVSUHDGLQJWKHRU\LVZLGHO\UHSRUWHGIRUYLVFRXVOLTXLGVVSUHDGLQJ
on hydrophilic surfaces, with the hydrodynamic spreading radius (r) dependent on the initial 
droplet radius ܴǯ, the surface tension ߛ, the fluid viscosity µ , and the spreading time t 3, 6 
௥ோN? ? ቀ ఊ௧ఓோN?ቁଵȀଵ଴Ǥ       (2) 
While most fluids can reasonably be described by 7DQQHU¶V ODZ, Sawicki et al. showed 
discrepancies for low viscosity poly(dimethyl siloxane) (PDMS) oils.7 Such divergence was 
suggested to relate to the interfacial viscosity being significantly lower than the bulk fluid 
viscosity, resulting from differences in molecular orientation at the interface.  
The dynamics of inviscid droplet spreading exhibit two distinct regimes; the first phase of 
spreading is commonly termed inertial spreading and progresses at a rate of r  ? t0.5, 8-9 while 
the second phase is described as viscous spreading and the three-phase contact line moves as a 
function of r  ?
 
t0.1LH7DQQHU¶VODZ7Ke viscous regime is limited by droplet viscosity9, with 
the characteristic time of spreading (Eq. 3) used to describe the transition from inertial to 
viscous spreading10  
߬ ? ቀఘఊோN?ఓమ ቁଵȀ଼ ටఘோN?యఊ      (3) 
where ȡ is the droplet density. 
Table 1 summarizes the effect of several fluid and surface properties on the spreading dynamics 
of mostly inviscid droplets. In addition to those commonly studied properties, there are many 
other factors that have been shown to influence spreading dynamics including drop shape11, 
surface roughness12, temperature13-14, complex and soft surfaces15-16, electro-wetting17-18 and 
droplet impact velocity.19 
Table 1. The effect of physicochemical properties on the spreading dynamics of droplets.  The 
spreading exponents in the inertial and viscous regimes are represented as nǯ and nǯǯ, 
respectively.   
Parameter Impact on spreading Spreading exponent 
Fluid 
viscosity 
(droplet) 
General observation: 
Increased viscosity 
decreases the droplet 
spreading rate.  
nǯǯ ~ 0.15, µ = 11.5 ± 1120 mPa.s 9  
nǯ ~ 0.5, µ = 1 ± 10.7 mPa.s 20  
nǯ ~ 0.5 then nǯǯ ~ 0.1, µ = 1 ± 1000 mPa.s 10  
0.3 < nǯ < 0.5 then 0.1 < nǯǯ < 0.125, µ = 1 ± 60.1 
mPa.s 21  
0.1 < nǯǯ < 0.2, µ = 35.5 ± 109 mPa.s 19  
nǯ ~ 0.5 then nǯǯ  ~ 0.1, µ = 1 ± 1412 mPa.s 22  
0.12 < nǯǯ < 0.18, µ = 1.34 ± 50000 mPa.s 23  
0.030 < nǯ < 0.085 then 0.073 < nǯǯ < 0.109, µ = 20 
± 1150 mPa.s 24 
Surface 
wettability 
General observation:  
Aqueous droplets on 
hydrophilic (water-wet) 
surfaces ±   reduced 
substrate hydrophilicity 
decreases the droplet 
spreading rate. 
nǯ = 0.5, ߠ =  0 ± 115o 9  
nǯ ~ 0.5 then 0.06 < nǯǯ < 0.1, ߠ = 0 ± 50o 13  
0.25 < nǯ <0.5, ߠ = 30 ± 180o, 3 ± 180o 20  
0.3 < nǯ < 0.5 then nǯǯ ~ 0.1, ߠ = 0 ± 112o 21  
nǯ ~ 0.5, ߠ = 0 ± 115o 25  
0.1437 < nǯ < 0.2785, ߠ = 0 ± 36.8o 26  
Initial drop 
size 
General observation: 
Droplets with a size below 
the capillary length spread 
at a rate nǯǯ ~ 0.1. 
 ܴǯ = radius 
 
0.5 < nǯ < 1 then 0.1 < nǯǯ < 0.2, ܴǯ 0.37 ± 0.82 mm 9  
nǯ ~ 0.5, ܴǯ 0.22 ± 0.78 mm 20  
nǯ ~ 0.5 then nǯǯ ~ 0.1, ܴǯ 1.2 ± 2.7 mm 10  
0.44 < nǯ < 0.53, ܴǯ 0.5 ± 1.2 mm 21  
0.14 < nǯǯ < 0.2, ܴǯ 10 µm ± 2.5 mm 19 
0.073 < nǯǯ < 0.141, ܴǯ 1.24 ± 1.34 mm 24  
0.1 < nǯǯ < 0.13, ܴǯ 0.57 ± 1.51 mm 12  
Surface 
tension 
General observation: 
Decrease in surface 
tension increases droplet 
spreading rate.  
 
Using surfactants either:  
a) increase spreading 
dynamics (trisiloxanes 
(TS)) or b)  decrease 
spreading dynamics 
(docusate (AOT), CTAB, 
SDS). 
TS 0.16 < nǯǯ < 1, AOT nǯǯ ~ 0.1 27 
0.001 < nǯǯ < 0.06 28 
0.053 < nǯǯ < 0.09 29 
pure liquids nǯ ~ 0.5 then nǯǯ ~ 0.1, 22  
surfactant nǯ ~ 0.5 then nǯǯ < 0.1 22 
0.053 < nǯǯ < 0.1 30 
TS 0.015 < nǯ < 0.23 then 0.38 < nǯǯ < 0.58 23 
0.099 < nǯǯ < 0.137 24 
 
Of particular interest in the current study is the contribution from surface elasticity which can 
be influenced by surface active species partitioning at the liquid-liquid interface.31-34 To the 
DXWKRUV¶ NQRZOHGJH LQWHUIDFLDO HIIHFWV RQ WKH VSUHDGLQJ G\QDPLFV RI GURSOHWV are rarely 
explored except for surfactant systems, with particular focus given to changes in surface 
tension. Generally, surfactants reduce the equilibrium three-phase contact angle and increase 
the solid-liquid contact area. However, the rate of droplet spreading is slightly retarded as the 
creation of new interfacial area is significantly faster than the diffusion transport of surfactants 
to the interface,35 hence surface tension gradients are established during droplet spreading 
leading to Marangoni flows.36 
However, few studies have considered the influence of surface shear elasticity on droplet 
spreading dynamics.  Leiske et al. considered the contribution of surface elasticity on the 
mobility of droplets residing on a sliding substrate.37 The authors selected four insoluble 
surfactants to produce varying degrees of surface elasticity, as the insoluble nature of these 
surfactants was a determinant property to generate surface shear elasticity.  The authors 
evidenced that the motion of a droplet on a sliding substrate was influenced by the surface 
shear elasticity and not solely by the surface tension.  For the most rigid interface the authors 
observed compression of the droplet interface and the formation of an interfacial skin which 
eventually ruptured to promote droplet spreading.  
To advance our understanding of the effects of interfacial rheology on droplet spreading 
dynamics, in the current study, ȕ-aescin was chosen as an interfacial rheology modifier. The 
molecular structure of Ⱦ-aescin (Fig. 1) is highly polycyclic and favors the formation of 
strongly elastic films at the air-water interface.38 The research objective was to assess the 
contribution of interfacial shear elasticity on droplet spreading dynamics.  
 
Materials and Experimental Methods 
Saponin ȕ-aescin (purity 95 %, Mw 1101.2 g/mol) a triterpenoid monodesmosidic glycoside, 
was purchased from MP Biomedicals (UK). A non-ionic surfactant, N-Dodecyl ȕ-D-
glucopyranoside (DG) (purity 98 %, Mw 320 g/mol), and xanthan gum (XG) (Mw 4.5MDa) 
were purchased from Sigma Aldrich (UK). Silicon wafers were used as the wetting substrate 
and were purchased from Silicon Valley Microelectronics (USA). The properties of the silicon 
wafers were: Type P, dopant: boron, orientation <100>, resistivity 10 ± 20 ohm.cm and 
WKLFNQHVVȝPUltrapure Milli-Q water was used in all experiments with a minimum 
UHVLVWLYLW\ RI 0ȍāFP. Ethanol (purity 99.96% A.C.S. grade, VWR) and PDMS (Alfa 
Aesar, USA) with a nominal viscosity of 1000 mPa·s were used as received. 
 
Figure 1.  *HQHUDOPROHFXODUVWUXFWXUHRIȕ-aescin. 
Surface tension: The dynamic surface tension of a droplet was measured using a pendant 
droplet analyzer (Theta T200, Biolin Scientific, Sweden). A droplet of ~8 µL was generated at 
WKHEOXQWWLSRID*VWDLQOHVVVWHHO66QHHGOHDWȝ/VXVLQJDQDXWRPDWLFGLVSHQVHU  Prior 
to each measurement, the SS needle was cleaned using ethanol and dried with nitrogen. The 
surface tension was determined from droplet shape analysis, with the Theta software executing 
an edge-detection routine.  The ȕ-aescin concentration in Milli-Q water was varied between 5 ൈ 10-5 wt% and 0.5 wt%. The surface tension was measured for 0.83 h to ensure that the steady-
state condition was attained. The influence of droplet evaporation was minimized by increasing 
the relative humidity in the quartz cuvette and sealing the measurement cell using Parafilm.  
Small changes in the droplet volume were also compensated by activating the automatic 
evaporation tool in the Theta software. The feedback loop ensured that the droplet volume was 
maintained by automatically injecting fluid when the droplet volume diverged by 1 %.  
Prior to generating the water droplet, the imaging software was triggered to capture the initial 
adsorption dynamics. For surface tension measurements the image capture rate was set to 2 fps.   
Droplet spreading: Even though the Theta tensiometer had a maximum frame rate of 2,500 
fps, the frame rate was too slow to fully capture the detail of inviscid droplet spreading. 
Therefore, a high speed camera (Photron FASTCAM SA5, Photron Ltd., Japan) was used to 
record droplet spreading at 10,000 fps. The high speed camera was positioned perpendicular to 
the Theta tensiometer and slightly elevated (< 2o) above the spreading surface. Two LED lights 
were positioned in front of the quartz cuvette either side of the camera to provide sufficient 
illumination of the spreading droplet.  10 µL droplets were instantaneously produced at the 
blunt-tip of a 22 G SS needle.  The needle tip was positioned 5.5 mm from the spreading 
substrate, with the droplet apex (lower edge) ~ 3.5 mm from the spreading substrate. Depending 
on the system, the droplet was held in position for a pre-determined time to ensure that the 
interfacial properties (surface tension, surface shear elasticity) had approached near steady-
state.  The droplet hold time for water + ȕ-aescin was 5 min. Once the droplet had aged, the 
droplet was lowered towards the underlying substrate at 10 mm/min whilst remaining attached 
to the SS needle. The rate of droplet approach (0.17 mm/s) was maintained beyond droplet 
contact with the spreading substrate.  Since droplet spreading occurred over a few hundredths 
of a second, this mechanical motion had little effect on the spreading rate, and the droplet 
always detached from the SS needle during spreading.  The captured images were analysed 
using ImageJ software to measure the droplet spreading diameter and droplet height 
(centreline) as a function of time. Prior to each measurement, the silicon wafers were cleaned 
by soaking the substrates in Piranha solution for 2 h, thoroughly rinsing with Milli-Q water and 
dried with nitrogen.  
Fluid and interfacial shear rheology: The viscosity of ȕ-aescin solutions and the interfacial 
shear rheology of the air-water interface were measured using a Discovery Hybrid Rheometer 
(DHR-2) (TA Instruments, UK).  (TXLYDOHQWȕ-aescin concentrations as those discussed for 
surface tension measurements were considered. The concentric cylinder geometry was used to 
measure the viscosity of the ȕ-aescin solutions, and the geometry was chosen to minimize the 
surface area to volume ratio, thus ensuring that any contribution from interfacial rheology on 
the bulk viscosity was negligible.  The shear viscoelasticity of the air-DTXHRXV ZDWHUȕ-
aescin) interface was measured using the Double Wall Ring (DWR) geometry. The method of 
cleaning and set-up have been described in detail elsewhere.34 It should be noted that the 
instrument was calibrated using precision mapping and the bearing mode set to soft. The 
geometry was positioned at the air-aqueous interface and a pre-shear protocol (ߛሶ = 170 s-1 for 
3 min) initiated to ensure that the start condition for each experiment remained constant. The 
time-dependent viscoelasticity was measured by oscillating the DWR at constant strain, 0.05%, 
and constant frequency, 1 Hz. A strain dependent sweep verified that the oscillation strain 
remained in the linear viscoelastic region.  The *¶ (elastic) and *´ (viscous) moduli were 
measured for 30 min and to minimize the effect of solvent evaporation a Teflon cap was placed 
over the DWR Delrin trough. All rheology experiments were completed at T = 20 oC. 
Results and Discussion 
The spreading of water (inviscid) droplets is shown in Fig. 2. The two distinct regimes can be 
identified as inertial and viscous spreading, with the exponent of spreading decreasing from 
0.50 to 0.10, the latter LQJRRGDJUHHPHQWZLWK7DQQHU¶VODZ8VLQJ(T, the characteristic 
time of spreading was calculated to be 8 ൈ 10-3 s, which identifies the onset of the transition 
from inertial to viscous spreading, see Fig. 2.  Three repeats are shown in Fig. 2 and confirm 
good reproducibility of the spreading dynamics. The spreading exponents for each experiment 
are shown inset.    
 
Figure 2. Spreading dynamics of three water droplets deposited on a hydrophilic silicon 
substrate.  
Surface tension: The dynamic surface tension of water + ȕ-aescin was measured to determine 
the minimum adsorption time required to reach steady-state.  Fig. 3a shows the dependence of 
ȕ-aescin concentration on surface tension, with concentrations less than 5 ൈ 10-3 wt% resulting 
in negligible changes to the surface tension (ߛ௪௔௧௘௥ ൌ  ? ?Ǥ ?Ȁ). At concentrations ൒ 5 ൈ 
10-3 wt%, the surface tension was observed to progressively decrease with increasing ȕ-aescin 
concentrations up to 5 ൈ 10-2 wt%. At higher ȕ-aescin concentrations the adsorption dynamics 
and apparent surface tension was independent of concentration, i.e. beyond the critical micelle 
FRQFHQWUDWLRQ&0&RIȕ-aescin. 
The apparent surface tension isotherm is shown in Fig. 3b. 7KUHH DGGLWLRQDO ȕ-aescin 
concentrations were also measured such that the CMC could be determined, CMC = 0.2 mM 
(0.022 wt%), in reasonable agreement with the range of CMCs previously reported by 
Pekdemir et al.39 CMC = 0.78 mM and Stoyanov et al.38 CMC = 0.071 mM. The order of 
magnitude difference in the reported CMC may result from differences in the molecular 
FRPSRVLWLRQDQGSXULW\RIWKHȕ-DHVFLQZKLFKLVUHDVRQDEOHVLQFHȕ-aescin is a naturally sourced 
product.  The variability in reported CMC values might also be attributed to a non-surface 
tension fRUFH$VZLOOEHGLVFXVVHGEHORZȕ-aescin forms strongly elastic interfaces and the 
effect of the resulting deviatoric stresses can deform the droplet, leading to apparent changes 
in the measured surface tension.40 As such, we refer to the surface tension as an apparent 
surface tension.  
The slope of the apparent surface tension isotherm can by analysed using the Gibbs equation 
(ିௗఊோ் ൌ ߁݀ܥ ) to determine the maximum adsorption of ȕ-aescin (߁max) at the air-water 
interface. In the Gibbs equation, ߁ represents the excess solute per unit area at the interface, R 
the universal gas constant, T the temperature, ߛ the surface tension, and C the bulk 
concentration of ȕ-aescin in Milli-Q water. ߁max for ȕ-aescin at the air-water interface was 
calculated to be 6.59 ൈ10-6 mol/m2. From the surface excess the area per molecule (Ai) can be 
calculated usingܣ௜ ൌ ሺ ?Ȁ߁௠௔௫ ஺ܰ), where NA LV$YRJDGUR¶VFRQVWDQWKHQFHIRUWKHȕ-aescin 
used in the current study the area per molecule was 0.26 nm2. Stanimirova et al.41 used 
molecular dynamics simulations to elucidate thHLQWHUIDFLDORUGHULQJRIȕ-aescin (air-water) and 
showed two preferred orientations, i) lay-on configuration (i.e. parallel to the interface) Ai ~ 
0.75 nm2, and ii) end-on configuration (i.e. perpendicular to the interface) Ai ~ 0.26 nm2. The 
latter configuration is in good agreement with the calculated area per molecule, hence it is most 
likely that the end-RQFRQILJXUDWLRQLVWKHSUHIHUHQWLDORULHQWDWLRQRIȕ-aescin at the air-water 
interface.  
 
Figure 3.  a) Dynamic surface tension of water droplets with increasing concentrations RIȕ-
DHVFLQE$SSDUHQWHTXLOLEULXPVXUIDFHWHQVLRQVDVDIXQFWLRQRIWKHȕ-aescin concentration.    
 
The apparent surface tension isotherm was fitted to a Langmuir model (ߛ ൌ ߛ௔ ൅ܴܶ߁௠௔௫ሺ ଵଵା௄஼ሻ) with a coefficient of determination equal to 0.95.  A slightly better fit to the 
experimental data was observed using the empirical Freundlich isotherm which may suggest 
WKDWWKHDGVRUEHGȕ-aescin film is slightly heterogeneous, although this has not been confirmed.  
 
Fluid and interfacial shear rheology:  The primary objective of this study was to isolate the 
contribution of interfacial shear rheology on droplet spreading, hence a critical concentration 
RIȕ-aescin was first determined, such that the effecWRIȕ-aescin on interfacial rheology was 
significant while changes to bulk fluid viscosity were negligible.  The bulk YLVFRVLWLHVRIȕ-
aescin solutions over the concentration range 5ൈ10-4 wt% to 0.5 wt% are shown in Fig. 4a.  
$W ȕ-aescin concentrations ൑ 5 ൈ 10-3 wt%, the fluid can be considered to behave as a 
Newtonian fluid with a measured viscosity equal to water.  At higher ȕ-aescin concentrations 
the fluid becomes non-Newtonian (shear thinning), with a fluid viscosity slightly exceeding 
ZDWHU)RUH[DPSOHDWDȕ-aescin concentration of 0.01 wt% and a shear rate of 40 s-1, the 
relative viscosity ( ఓഁఓೈ) was increased by 12% and demonstrated weakly shear thinning 
behaviour, power-law index = 0.84.  The degree of fluid shear thinning was shown to increase 
slightly at higher ȕ-aescin concentrations, although the fluid rheology displayed little variation 
at concentrations beyond the CMC.   
While the exact shear rate during droplet spreading is not NQRZQWKHVKHDUUDWHȖ0) at droplet 
impact can be approximated byߛ଴ ൌ ௎బ஽బ, where U0 and D0 are the droplet impact velocity and 
droplet diameter, respectively.19 In the current study the droplet shear rate at impact was ~ 0.05 
s-1. Based on the relative differences in spreading and impact velocities, it is expected that the 
droplet shear rate during spreading greatly increases. Hence, the difference in viscosity 
between Milli-Q water and the shear rate dependent viscosity of 0.01 wt% ȕ-aescin solution 
can be considered negligible. To assess the importance of equivalent shear thinning behavior 
on droplet spreading dynamics, a comparative study using xanthan gum was also considered. 
Xanthan gum was chosen due to its ability to structure in solution and consequently affect the 
bulk fluid viscosity while showing negligible surface activity (measured to be 71.5 mN/m up 
to 0.05 wt%), thus not affecting the interfacial shear rheology. 
For equivalent ȕ-aescin concentrations (bulk rheology), the shear viscoelastic properties of the 
air-water interface were measured to elucidate the time-dependent build-up of both the viscous 
(*´) and elastic moduli (*¶).  $Wȕ-aescin concentrations lower than 5 ൈ 10-3 wt%, the interface 
remained purely viscous with no measurable elasticity.  This is in good agreement with the 
negligible changes in air-water surface tension at low ȕ-aescin concentrations (Fig. 3a), thus 
suggesting sparse coverage of ȕ-aescin molecules at the air-water interface. Increasing the ȕ-
aescin concentration led to the onset of a measureable elasticity (c = 5 ൈ 10-3 wt%), while at 
higher ȕ-aescin concentrations strongly elastic interfacial films were formed and could be 
considered solid-like (i.e. *¶!*´7KHFULWLFDOȕ-aescin concentration required to develop a 
solid-like interfacial film was found to be 0.01 wt%, but this also corresponded to the onset of 
a weakly shear thinning fluid, see Fig. 4a.  Following the pre-shear protocol, the aging time 
required for the air-water interface to become solid-like was less than 30 s (c = 0.01 wt%), and 
EHFDPHDOPRVWLQVWDQWDQHRXVIHZVHFRQGVDWKLJKHUȕ-aescin concentrations. For 0.01 wt% 
ȕ-aescin in water, the *¶*´ ratio at 5 min aging was ~ 10, confirming the strongly elastic 
nature of the formed interfacial film.  
$WZWȕ-aescin, even though the relative viscosity of the bulk fluid had increased by 
12% (compared to water at a shear rate of 40 s-1), a significant change in the interfacial shear 
rheology was observed, transitioning from a purely viscous (water only at t = 0) to a solid-like 
interface that was sufficiently strong to induce an apparent interfacial yield stress of ~ 1.7 x 
105 Pa.  The 2D yield point of the interfacial film was measured via an oscillation stress ramp42 
(Fig. S1) following 5 min aging. The critical stress at *¶ *´ was converted to an apparent 
yield stress by including the interfacial film thickness (5 nm), which was taken to be equivalent 
to a monolayer thick.38, 43 
 Figure 4. a) Fluid viscosity as a function of the ȕ-aescin concentration. Lines represent the 
rheology of water (solid), water + 5 wt% ethanol (dotted) and water + 0.0025 wt% xanthan 
gum solution (dashed). b) Interfacial shear YLVFRHODVWLFLW\ RIȕ-aescin films at the air-water 
interface as DIXQFWLRQRIWKHȕ-aescin concentration and interfacial aging time. Open symbols 
= *¶, closed symbols = *´. Oscillation rheology conducted using constant strain, 0.05 % and 
constant frequency, 1 Hz. All experiments were conducted at T = 20 oC. 
 
Droplet spreading: The spreading dynamics of inviscid droplets without and with interfacial 
shear elasticity KDYHEHHQFRPSDUHG7KHUKHRORJ\GDWDFRQILUPHGWKDWWKHFULWLFDOȕ-aescin 
concentration to generate substantial interfacial shear elasticity but weakly modify the fluid 
rheology was 0.01 wt%, hence this concentration was considered for the comparison study. 
Fig. 5 is a series of images depicting the time-dependent spreading or pure water and water + 
0.01 wt% ȕ-aescin droplets. For a water droplet (Fig. 5a), following contact with the spreading 
substrate, rapid expansion of the contact area was observed with the three-phase contact line 
moving at ~ 400 mm/s. As the droplet continues to spread, DIOXLGµQHFN¶forms between the 
spreading droplet and the fluid pinned at the tip of the capillary. The fluid neck was observed 
to rapidly thin, eventually destabilising to separate the spreading droplet from the liquid pinned 
at the tip of the dispensing capillary.  
 Figure 5. Time-GHSHQGHQW VHTXHQFH RI D ZDWHU GURSOHW DQG E  ZW ȕ-aescin droplet 
spreading on a hydrophilic silicon substrate. Droplet spreading times (s) shown inset.  
 
Fig. 5b shows a similar time sequence for the  ZW ȕ-aescin droplet spreading on a 
hydrophilic silicon substrate. The spreading droplet again detaches from the liquid retained at 
the tip of the dispensing capillary, although it is clear from the image sequence that the 
formation of the fluid neck and eventual pinch-off is affected by interfacial rigidity. Indeed, 
the fluid neck exhibits less deformation than the pure water droplet, retaining an almost 
cylindrical shape before eventually pinching-off at the apex of the spreading droplet (t ~ 0.018 
s).  
The spreading dynamics of pure water and water + ZWȕ-aescin are compared in Fig. 6. 
Firstly, the spreading dynamics of both fluids exhibit inertial and viscous regimes. While the 
spreading of water obeys the classical spreading exponents, t0.5 and t0.1, the water + 0.01 wt% 
ȕ-aescin droplet appears to exhibit two spreading exponents LQ WKH µFRQYHQWLRQDO¶ LQHUWLDO
spreading regime. Between t = 0 and t = 5ൈ 10-4 s the droplet spreads with an exponent t1.05, 
slightly reducing to an exponent of t0.61 until the viscous spreading regime is reached and the 
droplet continues to spread with an exponent of t0.11. The spreading exponents for all fluids are 
summarized in Table 2.  Based on the measured spreading exponentsWKHSUHVHQFHRIȕ-aescin 
at the air-water interface accelerates the rate of inertial droplet spreading.  To elucidate the 
contribution of strong interfacial elasticity to accelerated spreading, three other fluids were 
considered for comparison i) 5 wt% ethanol solution, ii) 0.0015wt% glucopyranoside (DG) 
solution, and iii) 0.0025 wt% xanthan gum (XG) solution. The ethanol and DG fluids were 
specifically chosen so that the surface tension was 57 mN/m at 20 oC, equivalent to the surface 
tension of the ZWȕ-aescin solution.  Both fluids were purely viscous (shear independent 
viscosity), although the DG surfactant was selected to mimic the presence of surface active 
molecules without developing interfacial shear elasticity. XG was selected at the specific 
concentration to mimic the weakly shear thinning behavior RIWKHȕ-aescin solution (Fig. 4a) 
with no interfacial shear elasticity.  As shown in Fig. 6 and summarized in Table 2, all droplets, 
H[FHSWȕ-aescin, were observed to spread with exponents equivalent to water. Hence, the slight 
reduction in surface tension, increased fluid viscosity and shear thinning behaviour of the fluid 
were found to have minimal effect on the spreading exponents, and thus the accelerated inertial 
spreading of the water + ȕ-aescin droplet can be attributed to the strongly elastic interface.  
 Figure 6. Comparison of droplet spreading dynamics in the inertial and viscous regimes.  The 
droplet volume and the droplet-substrate approach velocity remained constant at 10 ȝ/ and 10 
mm/min, respectively. 7KHȕ-aescin and DG droplets were aged for 5 min prior to initiating 
droplet approach.   
 
From Fig. 6, it can be seen at t = 10-4 s (first captured image of droplet spreading), the initial 
spreading diameters are equivalent for all droplets with a purely viscous interface (within 
error), but greatly exceed the initial spreading diameter of the water +  ZW ȕ-aescin 
droplet.  This variation highlights that the mechanism of droplet spreading is likely different 
when the droplet interface is strongly elastic.  The interfacial shear rheology data confirmed 
WKDWWKHLQWHUIDFHVWDELOL]HGE\ȕ-aescin exhibits a yield stress, which is able to initially resist 
droplet spreading upon droplet-substrate contact. However, as the droplet continues to descend 
towards thH VXEVWUDWH WKH GURSOHW EHFRPHV VXIILFLHQWO\ GHIRUPHG VXFK WKDW WKH ȕ-aescin 
stabilized interfacial film ruptures to initiate droplet spreading. This is in contrast to the droplets 
whose interfaces are purely viscous and instantaneously spread when contacting the substrate. 
Hence, the rate of droplet spreading is initially retarded by the yield stress interface but once 
the interfacial film ruptures the droplet spreading rate is accelerated compared to fluids with 
no interfacial shear elasticity.   
The contribution from the shear elastic interface on droplet spreading is evidenced by the 
interfacial crumpling at t = 0.0025 s (Fig. 7), which is induced by the negative curvature of the 
droplet compressing the interfacial material. As such, during droplet spreading the elastic 
interface drives minimization of the negative curvature and alleviates interfacial compression. 
It is likely that this phenomenon combined with the potential energy liberated at the point of 
interfacial film rupture contribute to the enhanced rate of droplet spreading in the inertial 
regime.   
 
Figure 7. Observed interfacial crumpling RI D  ZW ȕ-aescin stabilized droplet during 
spreading.  
 
 
 
 
Table 2. Droplet spreading exponents in the inertial and viscous regimes. 
Fluid Inertial regime Viscous regime 
0.01 wt% ߚ-aescin 1.05 േ 0.07 0.61 േ 0.02 0.11 േ 0.009 
Water 0.50 േ 0.002 0.10 േ 0.005 
0.0015 wt% DG 0.52 േ 0.010 0.11 േ 0.005 
5 wt% ethanol 0.51 േ 0.001 0.11 േ 0.008 
0.0025 wt% XG 0.51 േ 0.009 0.10 േ 0.003 
 
Droplet oscillations: Differences in the damped oscillations of detached droplets were also 
observed. These oscillations can be modelled by a simple damped oscillation, ܣሺሻ ൌ଴ሺെȾሻ ሺɘ ൅ ɗሻ, where A(t) is the droplet peak height, A0 the initial droplet height, ߱ the frequency of oscillation, ɗ the phase shift and ߚ the dampening coefficient.44 
Fig. 8 compares the damped oscillation of water droplets without and with 0.01 wt% ȕ-aescin. 
With the droplets detached from the dispensing capillary the two data sets were superimposed 
such that the minimum during the first oscillation cycle was aligned (A(t) = 3.5 mm when t = 
0.0075 s).  With 0.01 wt% ȕ-aescin, the droplet oscillations were strongly damped, showing 
two oscillations within the measurement period compared to the minimum three oscillations 
for the water-only droplet. Fitting the experimental data to the oscillation damped model, the 
dampening coefficients for water droplets without and with 0.01 wt% ȕ-aescin were 36 and 58, 
respectively. The higher dampening coefficient for water + 0.01 wt% ȕ-aescin confirmed that 
the interfacial shear elasticity was not completely diminished following rupture (yielding) of 
the interfacial film (to initiate droplet spreading), and the interface remained sufficiently elastic 
to dampen the bulk oscillation of the droplet.  Based on the interfacial rheology data shown in 
Fig. 4b, the interfacial elasticity during droplet spreading is not thought to result from a rapidly 
developing interfacial film, but instead from the residual elasticity of the pre-formed film prior 
to droplet spreading.  
 Figure 8. Damped oscillations of detached droplets. Experimental data is shown by the symbols 
and the damped oscillation model (ܣሺݐሻ ൌ  ܣ଴݁ݔ݌ሺെߚݐሻ ݏ݅݊ሺ߱ݐ ൅ ߰ሻ) represented by the 
lines (solid and dash).  
 
Free droplet spreading: To verify that the droplet-capillary attachment did not influence the 
observed enhancement in inertial droplet spreading, the spreading experiments were repeated 
for free droplets. Free droplets were generated using a 22 G capillary positioned 5.5 mm from 
the spreading substrate, with droplets detached from the capillary by gently tapping the feed 
tube to the dispensing capillary. Only droplets with circularity greater than 0.8 at the point of 
droplet-substrate contact were considered and analyzed. Without ȕ-aescin, all droplets 
demonstrated a power-law dependency in the region of 0.5 (inertial regime), with the rate of 
spreading almost independent of the droplet viscosity and surface tension (5 wt% ethanol, 1.5 ൈ 10-3 wt% DG). However, the droplet spreading profile for water + ȕ-aescin was more 
complex (Fig. 9), a result of the apparent droplet spreading prior to interfacial film rupture 
(droplet deformation [maximum width / height] at t = 0 (Fig. 9b) and t = 3.2 ൈ 10-3 (interfacial 
film rupture) (Fig. 9c) was 0.83 and 1.28, respectively).  Applying the same analysis method 
as previously described, t = 0 was defined as the first contact between the droplet and the 
VXEVWUDWH:LWKRXWȕ-aescin, all droplets exhibited no resistance to spreading, hence the droplets 
spread at a rate nǯ a)RUWKHZDWHUȕ-aescin droplet, two decay profiles were observed 
(boundary at t ൑  ?Ǥ ? ൈ  ? ?ି ଷs, Fig. 9a). The slower droplet spreading in Region I was 
attributed to the balance of hydrodynamic forces and interfacial rigidity, with the interfacial 
elasticity retarding the outward expanding deformation of the droplet. At t ൌ  ?Ǥ ? ൈ ? ?ି ଷ s the 
ȕ-aescin film yields (droplet deformation = 1.28, Fig. 9c) and the droplet wets the substrate to 
begin three-phase spreading. In Region II the power-law dependency exceeds all other fluids 
(nǯ = 0.73 േ 0.02)DJDLQFRQILUPLQJWKDWWKH VKHDULQWHUIDFLDO HODVWLFLW\RI WKHȕ-aescin film 
accelerates the inertial regime of droplet spreading.  
 
Figure 9. a) Spreading dynamics of free droplets (minimum droplet deformation = 0.8).  b) 
Water + ZWȕ-aescin droplet at substrate contact (t = 0 s), droplet deformation (maximum 
width / height) = 0.83. c) Maximum droplet deformation (1.28) at interfacial film rupture.  
 
Conclusions 
Accelerated droplet spreading in the inertial regime ሺ݊ǯ1 = 1.05, ݊ǯ2 = 0.61) resulted from the 
yielding of a strongly elastic interfacial film. A concentration of 0.01 wt% ȕ-aescin was shown 
to significantly increase the interfacial shear elasticity with minimal effect on the bulk fluid 
(water) viscosity. ȕ-aescin exhibited a molecular area of ~ 0.26 nm2 with a preferential 
orientation at the air-water interface being end-on configuration. The high surface excess led 
WRWKHIRUPDWLRQRIDVWURQJO\HODVWLFLQWHUIDFHZLWKVXUIDFHVKHDUPRGXOLRI3DP*¶DQG
 3DP *´ DIWHU  PLQ LQWHUIDFLDO DJLQJ The ȕ-aescin stabilized water droplet could 
significantly deform (degree of deformation = 1.28) before the interfacial film ruptured to 
promote accelerated droplet spreading in the inertial regime. The residual interfacial elasticity 
also damped the normal oscillations of a detached droplet, exhibiting only two oscillation 
cycles as compared to more than three for water-only.  
This research has demonstrated the ability to modify the inertial regime of droplet spreading 
by controlling the interfacial shear rheology.  Such control may have desirable implications in 
many droplet-substrate applications. While the inertial regime of droplet spreading can be 
manipulated, a similar approach to modify the viscous regime of droplet spreading has not yet 
been achieved, although one can foresee that such control using surface active species could 
be highly beneficial.    
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Supplementary Information 
Oscillation strain ramp of an air-water interface stabilized by ZWȕ-aescin following 5 
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arrow), Fig. S1.   
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